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Sustainable synthesis of amines using molecularly defined and nanoparticles-based 
catalysts  
Thirusangumurugan Senthamarai  
Leibniz‐Institut für Katalyse e.V. an der Universität Rostock 
This dissertation describes the sustainable synthesis and functionalization of amines 
by catalytic reductive amination of carbonyl compounds and ammonia or amines in 
presence of molecular hydrogen or formic acid. For these reactions, molecularly 
defined Ru- and nanoparticles-based catalysts were developed, which enabled the 
preparation of simple, functionalized and structurally diverse primary, secondary and 
tertiary amines including N-methyl amines and more complex drug targets. Applying 
RuCl2(PPh3)3 as simple and commercially available catalyst, the synthesis of benzylic, 
heterocyclic and aliphatic linear and branched primary amines from carbonyl 
compounds and ammonia is reported. Next, in situ generation of reusable ultra-small 
cobalt nanoparticles from molecularly defined cobalt-salen complexes and their 
catalytic applications for the reductive aminations to prepare primary amines from 
carbonyl compounds and ammonia in presence of molecular hydrogen is 
demonstrated.  In addition to in situ generated nanoparticles, the catalytic application 
of isolated cobalt nanoparticles for the preparation of secondary and tertiary amines 
as well as N-methyl amines is showcased. Finally, the synthesis of secondary and 
tertiary amines as well as N-methylamines and selected drug molecules from carbonyl 
compounds and nitroarenes or amines has been performed using N-doped graphene 
surfaces activated cobalt-based nanoparticles in presence of formic acid as hydrogen 
donor. The detailed characterization of cobalt nanoparticles by TEM, XPS, XRD is 
presented here, too. In order to design suitable catalysts and to accomplish reductive 
amination reactions, several optimization and control experiments including kinetic and 




Nachhaltige Synthese von Aminen mittels molekular definierten und Nanopartikel-
basierten Katalysatoren 
Thirusangumurugan Senthamarai  
Leibniz‐Institut für Katalyse e.V. an der Universität Rostock. 
Diese Dissertation befasst sich mit der nachhaltigen Synthese und Funktionalisierung 
von Aminen mittels katalytischer, reduktiver Aminierung von Carbonylverbindungen 
zusammen mit Ammoniak oder Aminen in der Gegenwart von Wasserstoff oder 
Ameisensäuren. Für diese Reaktionen wurden sowohl molekular definierte Ruthenium 
als auch Nanopartikel-basierte Katalysatoren entwickelt, welche die Synthese von 
strukturell diversen primären, sekundären und tertiären Aminen ermöglichen, inklusive 
N-Methyl Aminen und pharmakologischen Wirkstoffen. RuCl2(PPh3)3, ein einfacher 
und kommerziell verfügbarer Katalysator, ermöglichte die Synthese von benzylischen, 
heterocyclischen wie auch linearen und verzweigten aliphatischen primären Aminen, 
ausgehend von Carbonylverbindungen und Ammoniak. Des Weiteren wurde eine 
Methode zur in situ Herstellung von ultra-kleinen Cobalt-Nanopartikeln aus Cobalt-
Salen Komplexen entwickelt, welche mehrfach in der reduktiven Aminierung zur 
Synthese von primären Aminen eingesetzt werden konnten. Neben der Verwendung 
von in situ hergestellten Nanopartikeln wurde auch die katalytische Aktivität von 
isolierten Cobalt-Nanopartikeln in der Synthese von sekundären, tertiären und N-
Methyl Aminen untersucht. Zuletzt wurden Cobalt-basierte Nanopartikel mit Stickstoff 
dotierten Graphen Oberflächen hergestellt, welche als Katalysator in der Synthese von 
sekundären, tertiären und N-Methyl Aminen fungierten, ausgehend von 
Carbonylverbindungen, Nitroarenen oder Aminen, und Ameisensäure als Wasserstoff 
Donor. Die beschriebenen Nanopartikel wurden zudem mit Hilfe von TEM, XPS und 
XRD charakterisiert und im Zuge der Entwicklung der katalytischen Reaktionen 
wurden unterschiedliche Optimierungen, Kontrollversuche wie auch kinetische und 
mechanistische Studien durchgeführt. 
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1.1 Synthesis of amines 
The development of sustainable processes for the synthesis of essential f ine and bulk 
chemicals as well as molecules related to life science applications continues to be an 
important goal of chemical research. In order to achieve such sustainable synthesis, 
catalysis plays a crucial role, which constitutes a key technology in the chemical, 
pharmaceutical and material industries. As a result, >80% of all chemical products are 
made via catalytic resections. In this regard, the development of cost-effective and 
durable catalysts is of central importance to produce all kinds of chemicals at  present 
and in the future. In particular, the development of selective and sustainable catalytic 
processes for the synthesis of amines, which represent privileged compounds, is 
highly desired. In general, amines are extensively used in different science areas such 
as chemistry, biology, medicine, energy, materials and environment. (1-16) These 
compounds serve as fine and bulk chemicals as well as key precursors and central 
intermediates for the synthesis of advanced chemicals, pharmaceuticals, biomolecules,  
agrochemicals and polymers.(1-16) 
 




Notably, amine functionalities constitute integral parts of the majority of drugs and 
biomolecules (Fig. 1).(1-6) In fact, >75% of the top  selling drugs contain amine and/or 
nitrogen moieties, which play significant roles in their activities.(3) Moreover, amines are 
involved in the formation of proteins, enzymes, nucleic acids and hormones in living 
beings (Fig. 1).(1-6) For the synthesis of amines, reductive aminations,  (7-37) amination of 
alcohols, (38-39) nucleophile substitution reactions  (40) and C-H amination reactions (40-
41) are commonly applied. 
1.2 Catalytic reductive aminations 
Catalytic reductive aminations are an essential class of reactions widely applied 
in research laboratories and industries for the cost-efficient and convenient 
synthesis of different kinds of amines and their functionalization.  (7-16) In these 
reactions, carbonyl compounds (aldehydes and  ketones) react with ammonia 
or amines using suitable catalysts in presence of molecular hydrogen or 
stoichiometric amounts of reducing agents. (7-16) Regarding potential reducing 
agents, molecular hydrogen is highly preferred because it is abundant, 
inexpensive, and atom-economical as well as produces only water as the by-
product.(34-37) In addition, catalytic transfer hydrogenations (CTH) (42-50) using 
formic acid or isopropanol are complementary to reductions with molecular 
hydrogen. Advantageously, CTH reactions do not require any special 
experimental setup or the use of high-pressure equipment compared to 
hydrogenation methods. Notably, formic acid or formate (47-50) as hydrogen 
donors are abundant, comparably inexpensive and easy to handle. Thus, the 
reductive aminations using molecular hydrogen and formic acid are attractive 
and offer significant advantages for the cost-effective production of amines.  
1.3 General mechanisms of reductive aminations  
Catalytic reductive amination reactions are often non-selective and suffer from 
side reaction such as over-alkylation and reduction of carbonyl compounds to 




from carbonyl compounds and ammonia is more challenging. In addition, the 
catalyst deactivation by ammonia and drastic conditions required for the 
activation of ammonia constitute additional problems. (7,13-16) The general reaction 
pathways for catalytic reductive aminations to prepare primary, secondary and 
tertiary amines is presented in Scheme 1. In the preparation of primary amines, 
first carbonyl compound condenses with ammonia and generates corresponding 
primary imine as intermediate, which is then reduced to desired primary amines 
in the presence of a suitable catalyst (Scheme 1a). (7,15,16) Similarly, carbonyl 
compound reacts with primary amines and generate secondary imines and 
these intermediates in presence of catalyst are reduced to give desired 
secondary amine (Scheme 1b).(7,15,16) Instead of anilines, directly nitroarenes 
can also be used to prepare secondary N-alkylated amines. Here, first nitro 
compound is reduced to the corresponding aniline. The in situ generated aniline 
undergoes reductive amination to produce corresponding N-alkylated amine. In 
general, anilines are produced by the catalytic hydrogenation of nitroarenes. 
Nobly, the direct one pot reductive amination of carbonyl compounds and 
nitroarenes is advantageous with respect to step economy and cost of starting 
materials. In the synthesis of tertiary amines, first the reaction of carbonyl 
compound and secondary amine proceeds via the formation of the 
corresponding enamine and iminium ion as intermediates in case of benzylic 
aldehydes and ketones, or enamine in case of aliphatic aldehydes and ketones .  
These intermediates are finally hydrogenated in presence of catalyst to produce 





Scheme 1. Reaction pathways of catalytic reductive amination reactions to produce different 
kinds of amines. 
In the reductive amination of carbonyl compound 1 with ammonia, in addition to the 
desired product primary amine 2, the formation of other side products such as 
corresponding alcohol 3, secondary imine 4, secondary amine 5, tertiary amine 6 and 
imidazoline-based compound 7 (scheme 2) might occur under different reaction 
conditions.(15,16) The carbonyl compound 1 condenses  with ammonia and generates 
primary imine 8 as unstable intermediate. In presence of catalyst, 8 undergoes 
reduction and yields the desired primary amine 2. If a catalyst is less selective towards 
the reduction of 8, then the direct reduction of carbonyl compound can also occur to 
give the corresponding alcohol 3. The secondary imine 4 forms via condensation of 
the primary amine 2 with either carbonyl compound 1 (releasing water) or imine 8 
(releasing NH3). When the catalyst is sufficiently active and selective, due to the rapid 
hydrogenation, the stationary concentration of 8, becomes low, which prevents side 
reactions. When the hydrogenation does not proceed quickly, this leads to the 
accumulation of 8 and side reactions involving 8 likely occur. The formation of 
secondary amine 5 occurs by the reduction of secondary imine 4. Further, 5 can also 




benzaldehyde, the primary imine, 8 can also trimerizes to form 9, which subsequently 
undergoes thermal cyclization to give 7.  
 
Scheme 2. Catalytic reductive amination of carbonyl compounds with ammonia: Reaction 
mechanism and the formation of desired and side products.(7,15,16) 
In order to synthesize primary amines in a highly selective manner, the development 
of suitable catalysts is crucial and continues to be important in both research 
laboratories and industries. 
Below we discuss the previous reports on catalytic reductive amination for the 
synthesis of primary amines using base metal heterogeneous materials (Section 1 and 
schemes 3 to 7) and homogeneous catalysts (Section 1 and schemes 8 to 13). Next, 
the synthesis of secondary and tertiary amines using non-noble heterogeneous 
catalysts in presence of molecular hydrogen (Section 1 and schemes 14 to 15) and 




presented as a cumulative collection of publications which have been already 
published in international journals. 
1.4 Reductive aminations for the synthesis of primary amines 
using base metal heterogeneous catalysts 
The majority of the catalysts known for reductive aminations, especially in 
industry is based on heterogeneous materials. Both noble and non-noble metal 
based heterogeneous catalysts have been developed to prepare linear and 
branched primary amines. In this chapter the applications of non-noble metal-
based heterogeneous materials for the synthesis of primary amines from 
carbonyl compounds and ammonia using molecular hydrogen is discussed. 
Among reductive amination catalysts, Ni-based materials represent the first 
known systems used for the preparation of primary amines.(51-53) This  was 
initially achieved by Mignonac in 1921  for the preparation of primary amines 
from simple aldehydes and ketones with liquid ammonia and molecular 
hydrogen using heterogeneous Ni-catalyst (scheme 3).(51) After his invention, 
this reaction is named as Mignonac reaction.(51) Followed by these 
investigations, Winans(52) and Haskelberg(53) have applied Raney nickel for the 
preparation of  primary amines. 
 
 
Scheme 3. Ni-based catalyst for amine synthesis (Mignonac reaction). 
Unfortunately, these traditional Ni-based catalysts work well only for the 
reductive amination of simple and non-functionalized molecules. Hence, they 
cannot be applied to the synthesis of functionalized and structurally diverse 
amines. Nevertheless, no significant efforts were made on the development of 




based on Co,(13) Ni,(14,16,37-39,56-60), and Fe,(59) were developed, which constitute 
nowadays excellent reductive amination catalysts for the preparation of broad 
range of primary amines. 
More specifically in 2017, Beller and co-workers(13) reported MOFs-derived 
cobalt nanoparticles and supported Co single atoms as general reductive 
amination catalysts to prepare different kinds of amines. These cobalt -based  
catalysts (Co-DABCO-TPA@C-800; DABCO= 1,4-diazabicyclo[2.2.2]oct ane; 
TPA=terephthalic acid) were prepared by the immobilization of an in situ  
generated cobalt nitrate-DABCO-terephthalic acid MOF template on carbon and  
subsequent pyrolysis at 800 oC under argon (fig. 2). 
 
Figure 2. Preparation of Co-DABCO-TPA@C-800. 
The optimal Co-DBCO-TPA@C-800 catalyst allowed for the reductive amination 
of 39 aldehydes and 34 ketones in presence of gaseous ammonia and molecular 
hydrogen to produce functionalized benzylic, heterocyclic and aliphatic linear as 
well as branched primary amines in up to 92% yield (scheme 4). Interestingly, 
applying this catalyst, –NH2 moiety has been introduced in structurally complex 
life science molecules and steroid derivatives. In addition to primary amines, this 
Co-DBCO-TPA@C-800 was applied for the synthesis of secondary and tertiary 
amines including N-methyl amines and existing drug molecules. 
 




After this report, Kempe and coworkers (14) disclosed Ni/Al2O3 catalyst for 
reductive amination of carbonyl compounds using aqueous ammonia and 
molecular hydrogen to synthesis both linear and branched primary amines. Their 
Ni-catalyst was prepared by the immobilization of a Ni-salen complex on Al2O3 
and subsequent pyrolysis under N2 atmosphere at 700oC followed by reduction 
under hydrogen at 550oC. Applying the Ni/Al2O3 catalyst, reductive amination of 
all kinds of aldehydes and ketones was performed under mild reaction 
conditions (10 bar H2, 80 oC) and the corresponding primary amines were 
obtained in up to 99 % yield (scheme 5). 
 
Scheme 5. Ni/Al2O3-catalyzed synthesis of primary amines under mild conditions. 
Later, Beller and Jagadeesh et al.(16) prepared Ni-nanoparticles by the 
immobilization of an in situ generated Ni-tartaric acid complex (Ni-TA) on silica 
and subsequent pyrolysis to produce a novel reductive amination catalyst (Ni-
tartaric acid@SiO2-800). The schematic mechanism for this Ni-tartar ic 
acid@SiO2-800 catalyzed reductive amination protocol using ammonia and 





Scheme 6. Proposed mechanism for the Ni-tartaric acid@SiO2-800 
The preparation of 5-(aminomethyl)-2-furanmethanol (AMF) is possible by 
Ni/SBA-15 catalyzed reductive amination of HMF (5-hydroxymethylfurfural) with 
aqueous ammonia.(54) In addition to Ni/SBA-15, Lei and coworkers also used 
Raney Ni. Both Ni/SBA-15 (89.9%) and Ni-Raney (90%) gave AMF in up to 90%. 
Furthermore, Colacino and Varma et al.(55) reported magnetically separable Ni 
NPs supported on SiO2-Fe3O4 (Fe3O4@SiO2-Ni) for reductive amination to 
prepare primary amines under unconventional micro-wave irradiation. Yang and 
Zhang et al(56) reported carbon supported nickel nanoparticles (MC/Ni)-cataly zed 
reductive amination of aldehydes with aqueous ammonia under comparably mild 
conditions (80 °C, 1 bar H2, 200 μL NH3·H2O (26.5 wt % and 12 h). Notably, 
Pera-Titus and Shi et al.(57) performed Ni6AlOx-catalyzed reductive amination of 
biomass derived ketones and aldehydes. Shi and co-workers(58) developed bi-
functional CuNiAlOx catalysts for one pot transformation of 5-(hydroxymethyl)  
furfural (5-HMF) into 2,5-bis(aminomethyl)furan (BAF) by two-step reductive 
amination of -CHO group and amination of -OH group. 
Very recently, Kempe and coworkers(59) reported the first iron catalyst for 
reductive amination of carbonyl compounds with ammonia and hydrogen. Here, 
the key was the use of a specific Fe complex for the catalyst synthesis and a N-




a very good tolerance of  functional groups, the yield of amines were up to 99% 
(scheme 7). 
 
Scheme 7. Fe/(N)SiC-catalyzed selective synthesis of amines. 
1.5 Reductive aminations for the synthesis of primary amines 
using homogeneous catalysts 
Compared to heterogeneous catalysts, the development of homogeneous 
complexes for the reductive amination of carbonyl compounds with ammonia 
has been less studied. In general, transition metal complexes catalyzed 
reactions involving ammonia encounter diff iculties due to the deactivation of 
homogeneous catalysts by the formation of stable Werner-type amine 
complexes. In addition, the common problems of reductive aminations such as 
over-alkylation and reduction to the corresponding alcohols, also affect catalytic 
activities and selectivities. In order overcome these problems and to perform 
reductive amination with ammonia aminations in selective manner, the 
development of efficient homogeneous catalysts, are highly desired. In recen t 
decades, Rh(60-61), Ir(62) and Ru(15,63) as well as Co(64) and Ni(65) complexes were 
developed and successfully applied for the synthesis primary amines from 
carbonyl compounds and NH3/H2. In this section, homogeneous metal 
complexes catalyzed reductive amination for the synthesis of primary amines is 
discussed. 
In 2002 Beller and coworkers (60) introduced a first homogeneous catalyst 
based on [Rh(COD)Cl]2-TPPTS complex for the  reductive amination 
aldehydes to prepare primary amines (scheme 8). Unfortunately, this catalyst 






Scheme 8. [Rh(COD)Cl]2-TPPTS catalyzed reductive amination 
In addition to simple aldehydes, the Rh-TPPTS system was also able to 
aminate renewable terpenoid aldehyde such as citronellal to give 
citronellylamine. (61) Apart from Rh-TPPTS, other Rh-based catalysts such as 
Rh[(dppb)(COD)]BF4 and [Rh(COD) Cl]2-BINAS were  used for the preparation 
of primary amines. Also, [Ir(COD)Cl]2-BINAS catalyst was applied to prepare  
branched amines from ketones.(62)  
Regarding Ru-based homogeneous catalysts, Schaub and co-workers(63) 
reported a Ru(CO)ClH(PPh 3)3-dppe catalyst system for the synthesis of 
branched primary amines from ketones (scheme 9).  
 
Scheme 9. Ru-dppe catalyzed synthesis of primary amines. 
With respect to asymmetric reductive aminations to prepare chiral primary 
amines, Schaub and co-workers(66) and Zhang and Co-workers(67) reported 
Ru(CO)ClH(PPh3)3-(S,S)-f-binaphane (scheme 10A) and Ru/C3-Tunephos 






Scheme 10. Ru-catalyzed asymmetric reductive amination for the preparation of chiral 
primary amines. 
In 2019, Beller and Jagadeesh et al(64) reported Co-triphos as the first 
homogeneous base metal catalyst for the reductive amination of carbonyl 
compounds with ammonia to prepare primary amines. Using this complex, 
benzylic, heterocyclic and aliphatic primary amines were prepared in good to 
excellent yields (scheme 11). In addition to the synthetic investigations, the 
authors also made DFT studies, and proposed a plausible mechanism (scheme 
12).  
 








Scheme 12. Proposed mechanism (A) and Gibbs free energy surface (B) for Co-triphos 
catalyzed reductive amination with NH3 and H2. 
Subsequently, the same authors(65) showed that a related Ni-triphos complex 
also acts as an efficient catalyst for the reductive amination of carbonyl 
compounds with ammonia to access functionalized and structurally divers 
primary amines (scheme 13). In addition, this Ni-triphos complex was used for 





Scheme 13. Homogeneous Ni-catalyzed synthesis of primary amines. 
 
1.6 Synthesis of secondary and tertiary amines by base-metal 
heterogeneous catalyzed reductive aminations using 
molecular hydrogen. 
In this section, the catalytic reductive amination for the synthesis of secondary and 
tertiary amines using molecular hydrogen in the presence of base metal 










Beller and coworkers developed nitrogen doped graphene activated Fe 2O3-  
(Fe2O3/NGr@C)(68,69) and Co3O4-(Co3O4/NGr@C) (70,71) based catalysts for one 
pot reductive amination of carbonyl compounds and nitro compounds to access 
various N-alkylamines. These supported nano-metal oxide catalysts were 
prepared by the immobilization of in situ generated phenanthroline ligated Fe- 
or Co-complexes on carbon and subsequent pyrolysis under argon at 800 oC for 
2h (Fig. 3). Compared to Fe2O3/NGr@C, Co3O4/NGr@C catalyst worked under 
mild conditions and exhibited more activity and selectivity (scheme 14). 
 




Scheme 14. Fe2O3/NGr@C and Co3O4(Co3O4/NGr@C catalyzed one-pot reductive amination 
In 2017, again Beller and co-workers(13) reported a cobalt-nanoparticles- and single 
atoms-based catalyst (Co-DABCO-TPA) for the preparation of secondary and tertiary 
amines. Both nitroarenes and amines reacted with aldehydes and produced the 
corresponding secondary and tertiary amines selectively in up to 92% yield. Applying 
the optimal Co-DABCO-TPA@C-800 catalyst 10 existing drug molecules have been 





Scheme 15. Co-DABCO-TPA@C-800 catalyzed synthesis amines. 
In addition, Jin et al.(72) Huang et al.(73) and Chi et al.(74) developed cobalt-based 
heterogeneous catalysts for the synthesis of both secondary and tertiary 
amines. Regarding  Ni-catalysis, Pera-Titus and Shi et al.(59) reported  Ni6AlOx  
catalyzed reductive amination of HMF with primary amines to obtain bio-base 
secondary amines. 
1.7 Base metal heterogeneous catalyzed reductive amination 
for synthesis of secondary and tertiary amines using formic 
acid 
In this section, the catalytic reductive amination for the synthesis of secondary and 
tertiary amines in the presence of base metal heterogeneous catalyst using formic acid 
is discussed.  
In 2017, the Wang group(47) reported Co nanoparticles supported on mesoporous 




amination of aldehydes and nitro compounds for the synthesis of different N-alklyated 
amines using formic acid as the reducing agent (scheme 16).   
 
 
Scheme 16. Co@CN-800 catalyzed reductive amination for the synthesis of N-alkylamines. 
Next, Chi et Al.(48) reported nitrogen-doped carbon embedded Co catalysts 
(abbreviated as Co@CN-800-AT, in which T represents the pyrolysis temperature, AT 
represents the acid-leaching process) prepared by the simple pyrolysis of graphene 
oxide-supported cobalt-based zeolitic imidazolate-frameworks, followed by an acid-
leaching process for the reductive amination for the synthesis of N-alkylated amines 
using formic acid (scheme 17).  
 
 
Scheme 17. Co@CN-800-AT catalyzed synthesis of N-alkylated amines using formic acid. 
 Further, Zhang et al.(49) prepared nitrogen-doped carbon based Co–Nx/C-800-AT 
catalyst by the pyrolysis of cobalt phthalocyanine/silica composite at 800°C under a N2 
atmosphere and subsequent etching by HF. The resulting materials were applied for 
the one-pot reductive amination of aldehydes and nitro compounds to obtain different 
secondary amines using formic acid as the hydrogen donor (scheme 18). 
  
 
Scheme 18. Co–catalyzed reductive amination reactions. 
 




2. Objectives of this work 
The development of novel catalysts for the synthesis of amines continues to be 
important topic both in academic research and the chemical industry. In particular, the 
design of simple and easily accessible catalysts for reductive aminations for the 
expedient synthesis of amines is desired and attracts scientific interest. Known 
homogeneous catalysts applied for the reductive amination to prepare primary amines 
are based on sophisticated or synthetically demanding metal complexes and ligands. 
In this regard our aim was to introduce more simple and commercially available and/or 
easily accessible catalysts for the preparation of structurally diverse and functionalized 
primary amines from carbonyl compounds and ammonia using molecular hydrogen. 
Before this work, the majority of the nanoparticles-based heterogeneous catalysts, 
especially non noble metal-based ones, required special techniques and instruments 
for their preparation. However, the design of more convenient methods is highly 
desired for the practical synthesis of nanoparticles-based catalysts. In this regard, our 
objective was to introduce a straightforward approach for the generation of cobalt-
based NPs in situ from molecularly-defined metal complexes and their application to 
prepare different kinds of amines. Finally, it was intended to demonstrate reductive 
aminations for the preparation different N-(methyl)alkylated amines using formic acid 













3. Summary of this work 
Following the objectives, we describe the development of homogeneous ruthenium 
complex and heterogeneous cobalt based catalyst and their applications in reductive 
amination reactions. 
3.1 Simple ruthenium-catalyzed reductive amination enables 
the synthesis of a broad range of primary amines (Nature 
Communications, 2018, 9, 4123.) 
The majority of the known homogeneous catalysts applied for challenging synthetic 
reactions and advanced organic synthesis are based on sophisticated metal 
complexes and/or ligands. However, to achieve a convenient and practical chemical 
synthesis, the catalyst must be simple, effective and commercially available and/or 
easily accessible. In this regard, triphenylphosphine (PPh3)-based metal complexes 
are found to be expedient and advantageous for catalysis applications, since PPh 3 is 
a stable and comparatively cheap ligand.(75-79) Among PPh3-based Ru complexes, 
RuCl2(PPh3)3 is the simplest and least expensive one and is also commercially 
available.(80-86) Noteworthy, this simple complex was used as catalyst for number of 
synthetic transformation.(76-79) Here, we demonstrate that RuCl2(PPh3)3 is an efficient 
and highly selective homogeneous pre-catalyst for reductive amination that empowers 
the preparation of a variety of primary amines of industrial importance and 
pharmaceutically relevance. In order to design a practical homogeneous catalyst 
system, different metal precursors with PPh3 were tested for the reductive amination of 
benzaldehyde 1 to benzylamine 2 with ammonia using molecular hydrogen. As shown 
in Table 1, the in situ generated Fe-, Co-, Mn-, Ni- and Cu-PPh3 complexes were not 
active for the formation of benzylamine. However, in situ generated Ru(II)-PPh3 
complexes showed some activity and produced benzylamine in up to 40 % yield. After 
observing this reactivity, in situ generated Ru-complexes with differently substituted 
Summary of work 
20 
 
PPh3-type ligands as well as simple nitrogen ligands (L1-L10) have been tested. 
Among these, Ru-catalysts containing either PPh3 or derivatives with electron donating 
groups in para-position showed the highest activity (Table 1; entries 1,4,5). However, 




Entry Ru-precursor/ Defined Ru-
catalyst 
Ligand         Yield (%) 
2 3 4 5 
1 a [RuCl2(p-cymene)]2 L1  40 2 40 17 
2 a [RuCl2(p-cymene)]2 L2 5 - 60 33 
3 a [RuCl2(p-cymene)]2 L3 2 - 25 70 
4 a [RuCl2(p-cymene)]2 L4 50 5 20 24 
5 a [RuCl2(p-cymene)]2 L5 53 4 16 25 
6 a [RuCl2(p-cymene)]2 L6 10 2 42 44 
7 a [RuCl2(p-cymene)]2 L7 - - 20 76 
8 a [RuCl2(p-cymene)]2 L8 - - 18 79 
9 a [RuCl2(p-cymene)]2 L9 - - 25 74 
10 a [RuCl2(p-cymene)]2 L10 - - 30 68 
11 b RuCl2(PPh3)3 - 95 4 - - 
12 b RuCl2(PPh3)4 - 92 7 - - 
13 RuCl2(tris(4-methoxyphenyl) 
phosphine)3 
- 95 4 - - 
14 RuCl2(tris(4-chlorophenyl) 
phosphine)3 
- 50 - 49 - 
 
 




Reaction conditions:  a0.5 mmol benzaldehyde, 1 mol% [RuCl2(p-cymene)]2 (2 mol% corresponds to 
monomer), 6 mol% ligand, 5-7 bar NH3, 40 bar H2, 1.5 mL t-amyl alcohol, 130 oC, 24 h, GC yields using 
n-hexadecane as standard. bSame as ‘a’ but using 2 mol% defined catalyst.  
Table 1. Reductive amination of benzaldehyde using in situ generated and molecularly 
defined ruthenium catalysts. 
After having identified RuCl2(PPh3)3 to be among the most active pre-catalysts, kinetic 
investigations to examine the effect of reaction time, catalyst concentration and 
hydrogen pressure on the model reaction have been made. Based on these results, it 
was concluded that in order to get maximum yield of 2 without the formation of 4 and 
5, 40 bar of hydrogen, a reaction time of 24 h, a catalyst loading of 2 mol% and 
temperature of 130 oC are required to obtain best results.  In addition, these results 
confirmed the formation of side products such as alcohols 3, secondary imine 4 and 









                                                                                                                                                                                                         
 
Figure 4. Effect of reaction time, Ru-concentration and pressure of H2 on reductive amination 
of benzaldehyde with NH3 and H2.  
Reaction condition: A=yield vs reaction time; B=yield vs concentration of RuCl2(PPh3)3; C=yield vs 
pressure of H2; D=yield vs temperature. 2=Yield of benzylamine; 3=yield of benzyl alcohol; 4=yield of N-
benzylidenebenzylamine; 5=yield of 2,4,5-triphenyl-4,5-dihydro-1H-imidazole. Reaction conditions: For 
Fig. A: 0.5 mmol benzaldehyde, 2 mol% RuCl2(PPh3)3,  5-7 bar NH3, 40 bar H2 1.5 mL t-amyl alcohol, 
130 oC, 5-30 h; for Fig. B: 0.5 mmol benzaldehyde, 0.5-3 mol% RuCl2(PPh3)3,  5-7 bar NH3, 40 bar H2 
1.5 mL t-amyl alcohol, 130 oC, 24 h; for Fig. C=: 0.5 mmol benzaldehyde, 2 mol% RuCl2(PPh3)3,  5-7 bar 
NH3, 10-50 bar H2 1.5 mL t-amyl alcohol, 130 oC, 24 h. for Fig. D: 0.5 mmol benzaldehyde, 2 mol% 
RuCl2(PPh3)3,  5-7 bar NH3, 40 bar H2 1.5 mL t-amyl alcohol, 90-140 oC 130 oC, 24h. Yields were 
determined by GC using n-hexadecane as standard.  
Under optimized reaction conditions, RuCl2(PPh3)3 catalyst allowed for the preparation 
of >90 functionalized and structurally diverse linear and branched primary amines 
starting from inexpensive and easily accessible aldehydes and ketones and ammonia 
in presence of molecular hydrogen (scheme 19). The application of this Ru-based 
reductive amination process has been applied for the synthesis and amination of 
various drug molecules and steroid derivatives. In addition, the possibility of upscaling 
up this amination protocol up to 10 g scale was demonstrated (scheme 20). 




Scheme 19. RuCl2(PPh3)3 catalyst reductive amination for the synthesis of primary amine. 




Scheme 20. Demonstrating the synthetic utility for gram-scale reactions. 
Reaction conditions: 2-20 g carbonyl compound, 2-3 mol% of RuCl2(PPh3)3   (2 mol% in case of aldehyde, 
3 mol% in case of ketone), 5-7 bar NH3, 40 bar H2, 25-150 mL t-amyl alcohol, 130 oC, 24-30 h. Isolated 
as free amines and converted to hydrochloride salts. Corresponding hydrochloride salts were subjected 
to NMR analysis. 
 
In addition to synthetic applications, in-situ NMR studies have been made to identify 
catalytic species and reaction intermediates (Fig. 5). Based on these NMR studies and 
kinetic investigations (Fig. 4), the plausible mechanism for the RuCl2(PPh3)3-catalyzed 
reductive amination in presence ammonia and molecular hydrogen is proposed in 
scheme 21. The pre-catalyst RuCl2(PPh3)3 is activated by H2 and forms the active 
catalyst species [RuHX(PPh3)3] (X = H- or Cl-). This active species selectively reacts 
with the primary imine, which is formed by the condensation of carbonyl compound 
with ammonia, to initially form a substrate complex (I). Next, the substrate coordination 
is followed by hydride insertion (II), generating a Ru-amide complex. Finally, 
coordination of H2 (III) followed by hydrogenolysis releases the primary amine as the 
final product with the regeneration of the catalytic species ( IV) hydrogenolysis releases 
the primary amine as the final product with regeneration of the catalytic species ( IV). 
The formation of side products 4 and 5 is already explained in section 1.3 and scheme 
21.  




Reaction condition: a) RT, argon atmosphere;  b) RT, H2 atmosphere (1.5 bar), 10 min; c) RT, H2 




Figure 5. Generation of different species from RuCl2(PPh3)3 in the presence of hydrogen. 





Scheme 21. Proposed reaction mechanism for the RuCl2(PPh3)3-catalyzed reductive 
amination of carbonyl compounds with ammonia. 
3.2 Ultra-small cobalt nanoparticles from molecularly defined   
Co-salen complexes for catalytic synthesis of amines 
(Chemical Science, 2020,11, 2973-298) 
In general, the preparation of nanostructured catalysts involves specific methods and 
require special instruments. However, the convenient and practical preparation of 
nanoparticles-based catalysts continues to be important and attracts scientific interest. 
In this regard, generating nanoparticles in situ using suitable precursors in the reaction 
system is more expedient. Here, the synthesis of in situ generated cobalt nanoparticles 
from molecularly defined complexes as efficient and selective catalysts for reductive 
amination reactions is reported.(37) For example, cobalt-N,N-bis(salicylidene)-1,2-
phenylenediamine (complex I) in water-THF as solvent in the presence of ammonia 
and molecular hydrogen at 120 oC formed magnetically separable ultra-small 
nanoparticles (Co-NPs) (Fig. 6).  




Figure 6. In situ generation of Co-NPs from Co-salen complex for reductive aminations. 
To explore the reactivity of these Co NPs, preliminary catalytic experiments were 
carried out for the reductive amination of 4-bromobenzaldehyde 1 to 4-
bromobenzylamine 2 in presence ammonia and molecular hydrogen as benchmark 
reaction (Fig. 5). Testing simple cobalt(II) acetate produced no desired product at all. 
In contrast, using a mixture of cobalt(II)acetate and N,N-bis(salicylidene)-1,2-
phenylenediamine (L1) led to the formation of 15% of 2. Remarkably, the defined 
complex Co-L1 (complex I) exhibited excellent activity as well as selectivity in the 
benchmark reaction (98% of 4-bromobenzylamine). In addition, other molecularly 
defined Co-salen complexes have also been tested (Fig. 7). Complexes II-IV showed 
good activity (85-90% yield), while complex V resulted in lower product yield (50%). In 
all cases of active complexes, the in-situ formation of Co-NPs took place, which 
catalyzed the reductive amination reaction. Due to their physical properties, the Co 
NPs could be magnetically separated and were conveniently re-used up to three times 
(Fig. 7). In addition, the stability of the catalyst system was also confirmed by recycling 
the NPs after reduced reaction time. For comparison, we also prepared cobalt 
nanoparticles separately by mixing complex I, ammonia and hydrogen under standard 
reaction condition without the addition of aldehyde. After isolation, they were tested 
under similar conditions and exhibited comparable activity and selectivity to that of in 
situ generated ones. 
Next, the reactivity of these active NPs were compared with related supported NPs. 
However, addition of carbon or silica support to the reaction led to completely inactive 
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materials (Fig. 8). On the other hand, materials prepared by immobilization of complex 
I on carbon or silica and subsequent pyrolysis produced catalysts with moderate 
activity (Fig. 7; 40-50% yield of 2). In addition, specific cobalt nanoparticles have been 
prepared by using chemical reduction of cobalt salts(88)and tested for their activities. 
However, none of these cobalt nanoparticles formed the desired product, 4 -
bromobenzylamine. All these results reveal the superiority of the simply in situ 





Figure 7. Reductive amination of 4-bromobenzaldehyde: Activity of cobalt catalysts. 
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Reaction conditions: 0.5 m mol 4-bromobenzaldehyde, 6 mol% Co-complex, (Co NPs), 5 bar NH3, 45 
bar H2, 2 mL solvent 2.5 mL (1.5:1 H2O-THF), 120 °C, 24 h, GC yields using n-hexadecane as standard. 
 
 
Figure 8. Reductive amination of carbonyl compounds in presence of NH3 and H2 using 
different Co NPs produced from cobalt-salen complex. 
Characterizations of in situ generated cobalt NPs using transmission electron 
microscopy (TEM), energy dispersive X-ray spectroscopy (EDX), (X-Ray Diffraction 
(XRD), and X-ray photoelectron spectroscopy (XPS) revealed the formation of   well-
defined ultra-small (range 2-4 nm metallic cobalt and cobalt hydroxide nanoparticles 
embedded in a cobalt-nitrogen framework (Fig. 9). 




Figure 9. TEM images of in situ Co-NPs generated from complex I. 
a, b=HRTEM images of cobalt catalyst, C=magnified STEM image, c-g = elemental mapping 
images where C, N, O and Co are in blue, yellow, green and red colors.  
The applicability of these in situ generated cobalt NPs was demonstrated for the 
synthesis of a variety of structurally diverse and functionalized benzylic, heterocyclic 
and aliphatic linear and branched primary amines from carbonyl compounds and 
ammonia in presence of molecular hydrogen (schemes 22 and 23). 




Scheme 22. In situ generated Co-nanoparticles catalyzed synthesis of linear primary amines. 
 [a]Reaction conditions: 0.5 mmol aldehyde, 6 mol% complex I (22 mg), 5-7 bar NH3, 45 bar H2, 2.5 mL 
H2O-THF (1.5 :1 ratio), 120 °C, 24h, isolated yields. [b] Same as [a] at 130°C. [c] same as [a] using prepared 
and isolated Co-NPs (2 mg; 6.5 mol% Co).  
 




Scheme 23. Synthesis of branched primary amines using in situ generated Co-nanoparticles. 
 [a]Reaction conditions: 0.5 mmol ketone, 6 mol% complex I (22 mg) 5-7 bar NH3, 45 bar H2, 2.5 mL H2O, 
130 °C, 24 h, isolated yields. [b] Same as [a] in H2O-THF solvent (1.5 :1 ratio). [c] same as [a] using prepared 
and isolated Co-NPs (2 mg check this correct mol%; 6.5 mol% Co). 
 
Apart from primary amines synthesis, the applicability of these novel Co-nanoparticles 
was explored for the synthesis of secondary and tertiary amines. Interestingly, testing 
complex I, which generates the active NPs vide supra for the reaction of benzaldehyde 
and aniline at 120 oC in presence of molecular hydrogen (40 bar) led to the formation 
of imine (N-benzylideneaniline) as the sole product. Under these conditions no 
nanoparticles could be isolated after the reaction. Apparently, the presence of 
ammonia and hydrogen are required for the generation of the active NPs. Indeed, 
using isolated Co NPs, which were prepared from complex I, ammonia and hydrogen, 
led to excellent activity and selectivity for the synthesis of secondary and te rtiary 
amines including N-methyl amines (scheme 23).  





Scheme 24. Synthesis of secondary, tertiary and N-methyl amines using Co-nanoparticles 
prepared from complex I. 
[a]Reaction conditions: 0.6 mmol aldehyde, 0.5 mmol amine, 2 mg Co -nanoparticles (6.5 mol% Co), 45 
bar H2, 1.5 ml H2O 130°C, 20 h, isolated yields. [b]Same as [a] using 1 mL Aq. N, N-dimethylamine instead 
of amine. 
3.3 Expedient synthesis of N‐methyl‐ and N‐alkylamines by 
reductive amination using reusable cobalt oxide nanoparticles 
(ChemCatChem, 2018, 10, 1235-1240) 
Reductive amination of aldehydes with nitro compounds or amines for the synthesis of 
N-alkyl and -methyl amines using carbon-supported, nitrogen-doped graphene 
activated cobalt oxide (Co3O4/NGr@C) was performed in the presence of formic acid-
Et3N mixture. This synthesis using formic acid as hydrogen source under transfer 
hydrogenation conditions was performed in simple commercially available pressure 
tubes by avoiding the use of sophisticated pressure equipment. Co 3O4/NGr@C was 
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prepared by the immobilization of in situ generated Co-phenanthroline complex on 
carbon (Vulcan XC 72R) and subsequent pyrolysis at 800 oC under argon for 2h (Fig. 
10).(69,70) In addition to phenanthroline, other nitrogen ligands were also used to 
prepare cobalt-based materials. 
 
Figure 10. Preparation of Co3O4/NGr@C 
These cobalt-based materials were tested for the reductive N-methylation of 4-
methoxynitrobenzene with aqueous formaldehyde as methylation reagent in presence 
of formic acid as hydrogen source. The pyrolysis of Co(OAc)2-L1 (L1 = phenanthroline)  
on carbon led to a highly active catalytic material was produced 4-methoxy-N,N-
dimethylaniline in 88% yield (Fig. 11).  However, related cobalt materials prepared 
using ligands L2-L4 showed less activity (25-59%). As expected, homogeneous cobalt 















Figure 11. Cobalt-catalyzed reductive N-methylation of 4-methoxynitrobenzene. 
The active material (Co3O4/NGr@C; Co-L1@C-800) has been characterized by TEM, 
XPS, EPR and XRD spectral analysis. All these characterization data revealed that the 
active material contains 2-10 nm Co3O4 particles. These cobalt oxide nanoparticles are 
surrounded by nitrogen-doped graphene surface (Fig. 10). In addition, very small 
quantity of Co and/or CoO core and a Co3O4 shell with a size of 20-80 nm are also 
present (Fig 10). XPS analysis of the active catalyst showed that Co3O4/NGr@C 
contained pyridine-type nitrogen and pyrrole-type nitrogen atoms as well as quaternary 
amine species. All these characterization studies confirmed that active material 
contains mainly nanoscale Co3O4 particles, which are surrounded by nitrogen-doped 
graphene layers. Notably, the formation of nano-sized cobalt oxide particles and the 
generation of nitrogen-doped graphene layers, which activates Co3O4-particles, are 
important for the activity of catalyst. It is proposed that the interactions of Co-N facilitate 
the decomposition of formic acid to generate cobalt hydride species in situ, which 
enhance the reactivity towards reductive amination. Co3O4/NGr@C exhibited good to 
excellent activity and selectivity for the N-methylation of both nitroarenes and amines 
Summary of work 
36 
 
using aqueous formaldehyde as methylation source in presence formic acid -Et3N 
mixture (scheme 25). As a result, a series of functionalized and structurally diverse 
N,N/-dimethyl amines have been prepared. N-methylation of nitro-substituted 
biologically active molecules such as Nimodipin and challenging dinitro compounds 
was also achieved. In addition to the preparation of aromatic N-methylamines from 
nitroarenes, this Co-based protocol allowed for the reductive N-methylation of bio-
active primary and secondary amines as well as amino acids (scheme 25), which can 
be exploited for life science applications. As an example, Paroxetine and Duloxetine 
were N-methylated without affecting other functionalities or the core-structure of the 
molecules. Notably, phenylalanine and tyrosine amino acid esters have also been 
dimethylated successfully. In addition, preparation of two drugs such as Amitriptylin 
and Venlafaxine is showcased. 
 
 
Scheme 25. Co3O4/NGr@C catalyzed reductive N-methylation of nitro compounds and 
amines for the preparation of N-methyl amines. 
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Reaction conditions: [a] 1 mmol nitroarene, 200 µL aqueous formaldehyde (37 wt% in water) 80 mg 
Co3O4/NGr@C (4 mol% Co), 5.3 mmol formic acid (5.3 equiv. as a HCOOH-Et3N (5:2) mixture), 3 mL t-
butanol 100 oC, 24-44 h, isolated yields.  [b] 1 mmol amine, 200 µL aqueous formaldehyde (37 wt% in 
water) 80 mg Co3O4/NGr@C (4 mol% Co),  2.2 mmol formic acid (2.2 equiv. as a HCOOH-Et3N (5:2) 
mixture), 3 mL t-butanol 100 oC, 14 h, isolated yields. [c] same as [a] with 160 mg catalyst, 200 µL aqueous  
formaldehyde and 10.6 mmol formic acid (10.6 equiv. as a HCOOH-Et3N (5:2) mixture).  
 
 After having demonstrated the preparation of N-methylamines, Co3O4/NGr@C was 
applied for N-alkylation of nitroarenes with aldehydes and selective N-alkylation of 
amino acid esters and the preparation of existing drug molecules (scheme 26). As a 
result, phenylalanine and tyrosine amino acid esters are successfully N-alkylated with 
different aromatic aldehydes. Further on, two existing drug molecules such as Piribedil 
and Fenpropimorph were prepared. Thus, this benign reductive amination process 





Scheme 26. N-alkylation of amino acids using nanoscale cobalt oxide-catalyst. 
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Reaction conditions: 1 mmol nitroarene, 1.5 mmol aldehyde, Co 3O4/NGr@C (4 mol% Co), 4.3 mmol formic 
acid (4.3 equiv. as a HCOOH-Et3N (5:2) mixture), 3 mL t-butanol 100 oC, 24-44 h, isolated yields. [a] 1 
mmol amine, 1.5 mmol aldehyde, Co 3O4/NGr@C (4 mol% Co), 1.5 mmol formic acid (1.5 equiv. as a 
HCOOH-Et3N (5:2) mixture), 3 mL t-butanol 100 °C, 14 h, isolated yields. 
Finally, practical utility of this protocol has been demonstrated by performing gram 
scale reactions. Without any improvement of reaction conditions, 1-3 grams of selected 
nitroarenes have been selectively N-alkylated and -methylated, to produce 
corresponding secondary and tertiary amines with similar yields to that of 1 mmol scale 
(scheme 27). These results prove that this protocol can be easily scalable for the 
preparation of several grams of amines.  
 
Scheme 27. Demonstrating Co3O4/NGr@C-catalyzed gram scale reactions. 
Reaction conditions: [a] 200 µL aqueous formaldehyde (37 wt% in water) 80 mg Co 2O3/NGr@C (4 mol% 
Co),  5.3 mmol formic acid (5.3 equiv. as a HCOOH-Et3N (5:2) mixture) for each 1 mmol nitroarene, 25-
30 mL t-butanol 100 oC, 20-30 h, isolated yields. [b] 1.5 mmole aldehyde, 80 mg catalysts and 4.3 mmol 
formic acid (4.3 equiv. as a HCOOH-Et3N (5:2) mixture) for each 1 mmol nitroarene, 25-30 mL t-butanol, 
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In general stability, recycling and reusability of a given catalyst are important features 
for the advancement of sustainable industrial processes. Noticeably, this Co3O4/N@C-
catalyst is highly stable and conveniently recycled up to 5 times to produced 
functionalized secondary amine (Fig. 12). 
 
Figure 12. Recycling of Co3O4/NGr@C-catalyst for the preparation of functionalized 
secondary amine. 
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Catalytic reductive aminations using molecular hydrogen for 
synthesis of different kinds of amines 
Kathiravan Murugesan,[a]† Thirusangumurugan Senthamarai,[a]† Vishwas G. Chandrashekhar,[a]† 
Kishore Natte, [a, b] Paul C. J. Kamer,[a] Matthias Beller*[a] and Rajenahally V. Jagadeesh*[a] 
Reductive aminations constitute an important class of reactions widely applied in research laboratories and industries  
for the synthesis and functionalization of amines. In particular, catalytic reductive aminations using molecula r  
hydrogen are highly valued and essential for the cost-effective and sustainable production of different kinds of amines.  
These reactions couple easily accessible carbonyl compounds (aldehydes or ketones) with ammonia, amines or nitr o 
compounds in presence of suitable catalysts and hydrogen that enable  the preparation  of linear and branched 
primary, secondary and tertiary amines including N-methylamines and molecules related to life science applications .  
In general, amines represent valuable fine and bulk chemicals, which serve as key precursors and central intermedia tes  
for the synthesis of advanced chemicals, life science molecules, dyes and polymers. Noteworthy, amine functionalit ies  
are presented in large number of pharmaceuticals, agrochemicals and biomolecules, and play vita l roles in the function 
of these active compounds. In general, reductive aminations are challenging processes, especially for the syntheses of  
primary amines, which often are non-selective and  suffer  from over-alkylation and reduction of carbonyl compounds  
to the corresponding alcohols. Hence, the development of suitable catalysts to achieve these reactions in highly   
efficient and selective manner is crucial and continues to  be important and attracts scientific interest. In this regard, 
both homogeneous and heterogeneous catalysts have successfully been developed for these reactions to access  
various amines. Although number of articles has been published on catalytic reductive aminations, there is a lack of  
in-depth reviews on this topic. Hence, there is a need of comprehensive review on catalytic reductive aminations to 
discuss in detail about potential catalysts used and applicability of this methodology for the preparation of different 
kinds of amines, which are of commercial,  industrial and medicinal importance. Consequently, in this review we 
broadly discuss the development of different transitions metal catalysts for reductive aminations and their applications  
in the synthesis of functionalized and structurally diverse benzylic, heterocyclic and aliphatic primary, secondary and 
tertiary amines as well as N- methylamines and more complex drug targets. In addition, mechanisms of reductiv e  
aminations including selective formation of desired amine-products as well as possible side reactions are discussed .  





Amines represent highly privileged chemicals extensively applied in 
different science areas such as chemistry, biology, medicine,  energy, 
materials and environment (Fig. 1).1-33 These important compounds 
serve both as fine and bulk chemicals as well as key precursors and 
central intermediates for the synthesis of advanced chemicals, 
pharmaceuticals, biomolecules, agrochemicals and polymers.1-6 
Notably, amine functionalities are presented in majority of drugs and 
biomolecules, and hence they constitute as integral parts of these life  
science molecules (Figure 2).1-6 As an example, >80% of the top 
200 selling drugs of 2018 contained amine and/or nitrogen moieties, 
which play significant roles in their activities.3 Moreover, amines are 
involved in the creation of proteins, enzymes, nucleic acids and 
hormones in living beings (Fig. 2).1-6 For the synthesis and 
functionalization of amines, catalytic reductive aminations represent 
convenient and common methodologies widely applied in both 
research laboratories and industries.7-33 
In this amination process, carbonyl compounds such as ketone s 
and aldehydes react with ammonia or amines using suitab l e  
catalysts in presence of molecular hydrogen or stoichiomet r i c  
reducing agents.7-16 Regarding potential reducing agent s,  
molecular hydrogen is highly preferred because this regent is 
abundant, inexpensive, and atom-economic al well as produc e s 
only water as the by-product.34, 35 Hence, catalytic 
   hydrogenations provide an important synthetic tool box in 
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chemical industries, giving access to various valuab l e  
compounds including fine and bulk chemicals.34, 35 In contrast ,  
stoichiometric reducing agents such as metal borohydri de s,  
formic acid, ammonium format and silanes generate signific ant  
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